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ABSTRACT 

The angular correlation between inelastically scattered 42 -MeV alpha particles and 
gamma rays emitted in the subsequent nuclear decay has been studied for the 1.37-MeV 
state of magnesium 24. The symmetry angle of the gamma distribution and the magni
tude of the anisotropy of the gamma distribution have been measured for  alpha scattering 
angles between 30' and 76'. The results a r e  compared with the distorted-wave predic
tions and with the adiabatic and Wills-Cramer models. Observed symmetry angles do 
not display the large excursions away from the adiabatic line which were seen in earlier 
work on magnesium 24 at lower energies and more forward angles. 
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GAMMA RAY ANGULAR CORRELATIONS FOLLOWING INELASTIC SCATTERING 


OF 42-MeV ALPHA PARTICLES FROM MAGNESIUM 24 


by Regis F. Leonard, Wil l iam M. Stewart, Norton Baron, a n d  Richard C. Braley 


Lewis Research Center 


SUMMARY 


The angular correlation between inelastically scattered 42-MeV alpha particles and 
gamma rays emitted in the subsequent nuclear decay has been measured for scattering 
with excitation of the 1.37-MeV level of magnesium 24. The symmetry angle of the 
gamma distribution and the ratio of isotropic to anisotropic components have been meas
ured for  alpha scattering angles between 30' and 76'. The results are compared with 
the predictions of a distorted-wave Born calculation, as well as with the simpler plane 
wave, adiabatic, and the Wills-Cramer model predictions. The experimentally ob
served symmetry angles were relatively close to the adiabatic prediction over the range 
of alpha particle scattering angles studied here. This is in strong contrast to the be
havior observed for 22-MeV scattering and at angles forward of 30' for 42-MeV scatter
ing, where large (45') excursions from the adiabatic prediction were seen. Distorted-
wave Born approximation calculations were performed using a wide range of optical 
potentials, only one of which produced any significant difference in the predicted value 
of the symmetry angle, and none of which predicted any significant difference in the ratio 
of isotropic to  anistropic components (A/B). 

INTRODUCTION 

The inelastic scattering of medium energy alpha particles is a useful tool for the 
investigation of collective modes of excitation of nuclei. Several theories are capable of 
predicting, with fairly reliable results, the differential cross  sections for elastic scat
tering and for many types of inelastic scattering. The differential c ross  section, how
ever, is not the measurable quantity which is most sensitive to  the details of the calcu
lation. The differential cross  section involves only the sums of squares of transition 
amplitudes so that the phases of the transition amplitudes are unimportant to the calcu-



lation. A quantity which is sensitive to  not only the magnitudes but also the phases is 
the angular correlation between the inelastically scattered alpha and the gamma ray 
emitted in the subsequent decay of the target nucleus (see section THEORY). The pres
ent study has measured this correlation as a function of the scattered alpha angle fo r  
gamma angles in the plane of the original scattering. Some work of this sort has been 
done on magnesium 24 (24Mg) at the considerably lower energy of 22 MeV (ref. 1)as 
well as at 42 MeV (refs. 2 and 3). The work reported herein is compared with that 
previously reported at 22 MeV and will considerably extend that which has  previously 
been published at 42 MeV. The results of the present experiment are compared with the 
predictions of the optical model (ref. 4) and distorted-wave Born approximation (ref. 5). 
In addition, the predictions of Blair 's adiabatic model of inelastic scattering (ref. 6) are 
discussed as well as the results of a model of Wills and C ramer  (ref. 7), proposed 
specifically in order to  explain alpha-gamma correlation data observed at 22 MeV. 

The present work is concerned only with the excitation of the first (2') state of 
24Mg. This state and this target were chosen because of the relatively high excitation 
energy (1.37 MeV) and the relatively large cross  section for  i ts  excitation. In addition, 
as previously mentioned, some data were already available which should provide an 
interesting comparison. 

SYMBOLS 

A magnitude of isotropic component of alpha-gamma correlation function 

diffuseness of surface interaction form factor
"S 


B magnitude of anisotropic component of alpha-gamma correlation 

function 

ratio of cross  section for inelastic t o  that fo r  elastic scattering
do0 

FL(kp9 amplitude of Lth partial outgoing distorted wave 

reduced transition amplitude
FL1% 

F (kid amplitude of Z t h  partial incoming distorted wave 

(jlmlj2m2 1 J M )  Clebsch-Gordan coefficient for  addition of angular momenta jlml 
and j2m2 to obtain a resultant JM 

kf center-of -mass wave number for  outgoing wave 

ki center -of -mass wave number for incident wave 
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a’,P ’ ,  Y’ 

0, 

P l  

‘Pf 

‘PY 

angular momentum transfer 


number of elastic events in coincidence spectrum 


number of chance coincidences involving inelastically scattered alphas 

radius of surface interaction form factor 

transition amplitude for inelastic scattering 

spherical part  of optical potential 

strength of real part  of nuclear optical potential 

strength of surface interaction form factor 

nonspherical part  of optical potential 

surface interaction form factor 

strength of imaginary part  of nuclear optical potential 

correlation pattern in reaction plane 

parameters used in fitting correlation data, after correction for 
finite geometry 

parameters used in fitting correlation data, before correction for 
finite geometry 

symmetry angle of alpha-gamma correlation function 

scattering angle for alpha particles in center-of -mass system 

angle of emission of gamma ray, relative to incident beam direction 

multipolarity of y-ray deexcitation 

projection of angular momentum onto z-axis 

wave function of target nucleus after inelastic scattering 

wave function of target nucleus before inelastic scattering 

azimuthal angle of emission of gamma ray, relative to  plane of 
original scattering 

outgoing distorted wave in distorted-wave calculation 

incoming distorted wave in distorted-wave calculation 
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Farad; 'Y CUP I L Scatter ing chamber-
Alpha detectors 

Figure 1. - Schematic diagram of scatter ing system. ( A l l  d imensions are in cent imeters.)  
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EXPERIMENTAL ARRANGEMENT 

Beam Handling 

The external 42-MeV beam of the NASA 1.5-meter cyclotron was used in this ex
periment. The considerations used in the overall design of the system were aimed 
mainly at reducing the background of neutrons and gamma rays present in the beam 
room. The energy resolution which could be attained in analysis of scattered alpha 
particles was of secondary interest. An overall schematic diagram of the beam trans
port system and the experimental area is shown in figure 1. The beam emerging from 
the cyclotron was focused onto slit S1, which acted as a source slit for the 45' magnet. 
The magnet served in the present experiment principally to  bend the beam away from 
the original line, thereby preventing neutrons which emerged from the cyclotron along 
the original beam line from entering the target area.  Slit S3, which was located 
109 centimeters from the exit of the magnet, was ordinarily set to  a width of about 
1millimeter and together with S4, which was 1.5 millimeters wide, defined the direc
tion of the beam incident on the target. Again, for  the reduction of the gamma ray back
ground in the target area, the slit S4 was located approximately 58 centimeters within 
the concrete wall and backed with a cylinder of lead, 58 centimeters in length, with a 
1.9-centimeter-diameter hole to permit passage of the incident beam. Slit S4, the last 
defining aperture which the beam passes before reaching the target, was approximately 
366 centimeters from the target and the gamma detector. The other principal source of 
background was the beam stopper. F o r  this, a tank filled with boron-doped water was 
employed. A Faraday cup was located at the center of the tank. An additional shield of 
approximately 30.5 centimeters of lead and/or concrete was erected in front of the beam 
catcher t o  protect the scattering chamber from the direct radiation from the Faraday 
cup. 

Detect0rs 

Charged-particle detection was supplied by lithium-drifted-silicon solid-state 
detectors, which were produced at the Lewis Research Center (ref. 8). Three detectors 
were employed simultaneously, in a four -detector mount which was previously described 
(ref. 9). F o r  the present experiment, the full angular resolution was 1'. The scatter
ing angle was known to *O. 06'. 

Gamma rays were detected by a 7.62- by 7.62-centimeter sodium iodide (Tl) crystal. 
The distance of the front face of the detector from the target was 12. 7 centimeters, s o  
that the full angle subtended by the detector was about 35'; the detector covered about 
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Figure 2. - Gamma ray singles spectrum from t h e  reaction 
24Mg(a,y). 

2 . 2  percent of the total sphere. The gamma spectrum obtained by bombarding the 24Mg 
target is shown in figure 2. 

Electronics 

The electronics employed were f o r  the most part commercially available units. A 
schematic diagram of the electronics is shown in figure 3. Signals from each particle 
preamplifier passed through a linear amplifier, operated in its double delay line mode, 
and then through a linear gate, which opened only if the proper coincidence requirements 
were satisfied. The coincidence requirements were provided by the gamma detector, 
the signal from which was fanned out t o  three separate coincidence circuits, one for  each 
particle detector. The individual coincidence circuits were fairly standard parallel fast-
slow arrangements. The slow coincidence circuit fo r  each detector required an output 
from the gamma ray single-channel analyzer, which triggered only on the occurrence of 
a 1.37-MeV gamma ray. The particle single-channel analyzers on the other hand were 
used as discriminators to  prevent analysis of extremely low energy radiation. The re
solving times of the three fast coincidence circuits were 50 nanoseconds, which is less 
than the time (90 nsec) between cyclotron beam bursts. 
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The outputs from each of the particle linear gates were passed through biased 
amplifiers and then routed to the appropriate quadrant of a 4096 channel pulse height 
analyzer. 

TREATMENT OF EXPERIMENTAL DATA 

Data-Taking Procedures 

Data were taken over the angular ranges 45' -< By -< 135' and 30' -< By)-< 76'. 
The gamma detector was moved in 15' steps, making seven gamma angles for each 
alpha angle. Data were obtained for every 2' of alpha angle. 

Since it was necessary to  know the ratio of the 1.37-MeV inelastic cross  section to 
the elastic c ross  section, an alpha particle singles spectrum was taken before and after 
every coincidence run to  provide a continuous monitoring of this quantity and guard 
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against possible changes caused by small  shifts in the direction of the incident beam. By 
averaging the results obtained before and after a coincidence run it was possible to  ob
tain a ratio which was accurate to  better than 5 percent. 

Coincidence runs lasted an average of 4 to  6 hours at a beam current of approxi
mately 20 nanoamperes. This current resulted in a true to  chance coincidence ratio of 
between 1:l and 4:l. Increasing the beam current t o  35 nanoamperes caused this ratio 
to  fall to  between 1:l and 1:3. As a result, the t ime required to  obtain a given statisti
cal accuracy could not be decreased by increasing the beam current. For most of the 
experiment, a true to  chance ratio of about 2:l was maintained. 

Reduction of Raw Data 

The raw data for  this experiment consisted of energy spectra of scattered alpha 
particles, taken both with and without the requirement that they be in coincidence with a 
1.37-MeV gamma ray. Typical results are shown in figure 4. The total intensity of 
the inelastically scattered alpha particles was determined by simply summing the 
appropriate analyzer channels. For the coincidence spectra, however, this intensity had 

01 
c 
s (a) Alpha singles; alpha center-of-mass scatc 
m._ ter ing  angle, 37.07". 
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(b) Alpha particles in coincidence w i th  1.37-
MeV gamma; alpha center-of-mass scattering 
angle, 37.07"; emission angle of gamma ray, 
120". 

Figure 4. - Typical spectra of alpha particles 
scattered from magnesium 24. 
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to  be corrected fo r  accidental coincidences. Since in the coincidence spectra all elas
tically scattered alpha particles were accidental, the number of chance coincidences of 
inelastically scattered alpha particles was determined by the relation 

1 . 3 7  - do1 . 3 7  
NR - NO 

doo 

where 

37 
ratio of cross  section for  inelastic to that for  elastic scattering 

doo 

437 number of random coincidences involving inelastically scattered alpha parti
cles 

NO number of elastic events in coincidence spectrum 

Fitting of Raw Data 

For the sequence of spins investigated herein (0' -. 2' -. O+) the form of the corre
lation pattern W(OY) in the reaction plane f o r  a fixed alpha scattering angle is known to 
be (see section THEORY) 

W(0Y) = A  + B sin 2 2(OY - eo) (2) 

In this expression and elsewhere in this report, the coordinate system is spherical with 
the polar axis along the incident beam direction and the azimuthal angle measured from 
the plane determined by the scattered alpha particle. All gamma ray measurements 
reported herein a r e  for  the azimuthal angle cpY = a .  The measured correlation patterns 
were fitted to  the function of equation (2) by the method of least squares. In order to  
permit a linear least squares fitting program to be employed, the correlation pattern 
was rewritten as 

w(eJ = a t  + pt COS 40
Y 

+ y' sin 48Y (3) 

and the parameters a',p ' ,  and y' were determined. Typical experimental patterns 
and fits are shown in figure 5. 
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Gamma ray 
symmetry 

(a) Alpha center-of-mass scattering angle, 
27.89". rat io of isotropic to anisotropic com
ponent, 0.237. 

-.1 
(b) Alpha center-of-mass scattering angle, 

46.16"; rat io of isotropic to anisotropic com
ponent. 0.156. 

45 60 75 90 105 120 135 
Emission angle of gamma ray, Elu, deg 

(c) Alpha center-of-mass scattering angle, 
68.31"; rat io of isotropic to anisotropic com
ponent, 0.128. 

Figure 5. - Typical correlat ion patterns. Ra
t ios of isotropic to anisotropic component 
as presented were not corrected for  f i n i t e  
geometry. 

The parameters determined by this method were corrected for  the effects of the 
finite geometry of the gamma detector by the method of Rose (ref. 10). The actual cal
culation of the correction was performed by Eidson, Cramer, Blatchley, and Bent 
(ref. 1)f o r  the exact energy (1 .37  MeV) and geometry (7.62- by 7.62-cm detector 
12.7 cm from the target) employed here. The true parameters a, p ,  and y a r e  given 

bY 

10 




TABLE I. - MAGNESIUM 24 (a,a’,y) EXPERIMENTAL 

RESULTS (AFTER CORRECTIONS FOR 

FINITE GEOMETRY) 

Alpha center-of -
mass scattering 

angle, 
ea (4, 

deg 

27 .89  
32.49 
34.79 
37.07 
39.36 

41.63 
43.90 
46.16 
48.41 
50.66 

52.90 
55.13 
57.35 
59. 56 
61.76 

63.95 
66.14 
68.31 
70.47 
72.63 

74.77 
76.90 
79.02 
81.13 
83.23 
85.32 

~ 

Gamma ray Ratio of isotropic 
symmetry 

angle, 

90’ 

deg 

67.6rt2.6 
65.4rt7.5 
65. 8rt3.2 
66.9rt2. 0 
63.9rt2. 5 

63. lrt2. 5 
68.0rt2. 3 
74.5i4.5 
54.0rt3. 5 
57.6-13.0 

56.0rt5.8 
55.2rt8.0 
58. 5rt3.8 
60.1rt1.8 
60. &4.5 

5 1 . 5 4 . 0  
45.9i3. 3 
44.9rt2.0 
41.5rt2. 3 
49.9rt3.2 

61.9rt2.6 
50.5rt6.0 
61.7rt5.6 
34.4rt4.5 
43.3rt5.5 
38.2*9.5 

to anisotropic 
component, 

A/B 

0.139iO. 08 
1.25 rt0.80 

.037*0.08 

.070rt0.06 

.120rt0.08 

.127rt0.07 

.181rtO. 07 

.073iO. 12 
0 rto.1 
0 rtO.07 

.233*0.18 
1.17 rt2.0 
0 rtO.07 

.002iO. 05 

.170rt0.14 

.138*0.06 
0 io.09 

.044iO. 05 
0 rtO.13 

.280rt0.10 

0 iO.08 
.200rt0.18 
.482rtO. 26 
.097rtO. 12 
.346*0.17 
.223*0. 30 
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$ Farwell (ref. 2) 
results 

Strength of real 
part of optical 

potential, V. MeV 

--_ 

$ 
I 

--_ 

approximation 

Present work 
Experimental 

Farwell (ref. 2) 

Strength of real 
part of optical 

potential, V, MeV 

60.42 Distorted-wave Born 
185.7 approximation 

(b) Third and fourth sets of optical potentials, 

Figure 6. - Gamma ray symmetry angle for the reaction 24Mg (u.u'y). 
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- Experimental data 9 Experimental data 

Strength of real Strength of real 
part of optical part of optical

potential, V, MeV potential, V, MeV 
-
- 47.05 Distorted-wave Born 60.42 Distorted-wave Born 

4- 93.64 calculation 185.7 approximation calculation 
- l


2-
 J d T I 
T 

.4m -a T 
T 

I 

.001 
20 30 40 50 60 70 80 90 20 30 40 50 60 70 80 90 

Alpha center-of-mass scattering angle, ea(cm), deg 

(a) First and second sets of optical potentials. (b) Third and four th  sets of optical potentials. 

Figure 7. -Comparison of measured and calculated values of rat io of isotropic to anisotropic component for the reaction 24Mg(a,a1y). 
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Y =  1.154 y' J 

The true A, B, and Bo are then related to Q, P,  and y by the expressions 

A = Q - {(I2 + y 2  

B = + 2 d(12+ y2 

10 = - a r c t a n -Y 

O 4 P 

Thus, the symmetry angle of the correlation pattern 8, is unchanged by the finite size 
correction, whereas the ratio A/B is decreased somewhat. 

A list of the experimental results for  the parameters A/B and 0, are given in 
table I. These same quantities are shown graphically as a function of alpha scattering 
angle in figures 6 and 7. 

Distorted-Wave Born  Approximation Theory of Inelastic Scattering 

The inelastic scattering of 42- to 43-MeV alpha particles from 24Mg has been 
analyzed by Rost and Austern (ref. 11) and by Bassel, et al. (ref. 12) using the distorted-
wave Born approximation. These authors assumed that the inelastic scattering to the 
2' state of 24Mg results from a collective excitation. Analysis of the angular correla
tion in the reaction 24Mg (a,a'y)24Mg provides additional evidence for  the collective 
nature of this transition. 

The distorted-wave Born approximation transition amplitude for  inelastic scattering 
to  collective states has been calculated by various authors (refs. 5 and 12). It is 
assumed that the potential strength depends only on the distance of the particle from the 
nuclear surface and that the optical potential has, in addition to  the spherical part, 
nonspherical components which give rise to inelastic scattering. The general procedure 
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is to  expand the optical potential about its spherical potential and retain only first-order 
te rms  in the deformation. Ordinarily, the parameters which determine the spherical 
part of the potential are determined by fitting elastic scattering from the same nucleus. 
The general expression for  the transition amplitude is 

(where V1 is that part  of the optical potential which is nonspherical; xi+) and xi-) a r e  
the distorted waves in the incoming and outgoing channels, respectively; and vi and 
qf are the initial and final states of the nucleus. For the sake of completeness, the 
expressions for  Tfi, the angular distributions, and the angular correlation are given 
as follows: 

where J and J' a r e  the total spins of the initial and final states of the nucleus, M 
and M' are their respective projections, 

where 

L P 

rLI

l l = + G i(2-L-P+ 
I ' i 4 2 L  + 1)(22 + 1)(2L1 + 1)1'2 
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and 

where the fL(kr) are the partial wave components of the distorted waves, and vL {r)
1 

is the surface interaction form factor. When the spherical part of the optical potential 
is of the Woods-Saxon form 

Uopt(r) = (V + iW)f(r) 

where 

then 

where Rs is the radius of the surf !ce interaction form factor, as is the diffuseness, 
and Vo is the strength of the interaction. 

The differential scattering cross  section is given by

drr=c l 2  
dS2 2L1 + 1 

% 

It should be noted here  that since only the squares of the direct reaction amplitudes 
appear in the summation, the differential cross  section will be insensitive to the phases 
of the amplitudes. The angular correlation of the deexcitation gamma rays with the 
inelastically scattered alpha particles is 
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and aY refer to  the directions of the scattered alpha particle and gamma
where %f 
ray, respectively, and a transition of the type 0’ - L r  - 0’ has been assumed. 
Clearly, the angular correlation will  be sensitive to  the phases of the direct reaction 
amplitudes. For the case of L1 = 2, which is considered here, Banerjee and Levinson 
(ref. 13) have shown that the angular correlation in the reaction plane can be written 

where Bo is the symmetry angle; A, B, and Bo a r e  functions of the scattering angle 

0,

---	Adiabatic model 
Plane-wave Born  approximation 
Wil ls-Cramer model wi th  Z = L - 2 = 9 

---	Wills-Cramer model w i th  Z = L = 11 
Wil ls-Cramer model w i th  Z = L + 2 = 13 

Alpha center-of-mass scattering angle, ecl(cm), deg 

F igure 8. - Symmetry angle as predicted by adiabatic approxima
tion, plane-wave Born approximation, and  Wills-Cramer. It 
should be noted that  t he  predict ions of the  adiabatic model are 
identical to those of t h e  Wil ls-Cramer model w i th  2 = L. 
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Adiabatic Approximation and Plane-Wave Born Approximation 

Blair and Wilets (ref. 6) calculated the correlation pattern as a function of alpha 
scattering angle in the adiabatic approximation. They obtained the result 

w(e,,e Y) = B sin2 2(eY - OR) 

where OR is the angle of adiabatic recoil of the target nucleus. This angle varies 
linearly from 90' to 0' as the scattering angle goes from 0' to  180'. The prediction 
of the plane-wave Born approximation (ref. 14) is almost identical except that the 
symmetry angle follows the nonadiabatic recoil direction of the target nucleus. These 
two angles differ by less than 5' for  scattering greater than 15'. Both predictions are 
shown in figure 8. 

W ilIs-Cramer Model 

Wil l s  and Cramer (ref. 7) have proposed a simple model to  explain the 22-MeV 
carbon and magnesium data. They assume that only one incoming (L) and one outgoing 
(I) wave a r e  responsible for the interaction. In this approximation, the symmetry 
angle is predicted to be 

e = - (21 + i)e,  
- "3 for 1 = L  - 2  

O 4'c 2 

or 

for 1 = L 

or 

eo = - 1. pz + i)e, - "1 for  Z =  L + 2  
4 2 

These three predictions a r e  illustrated in figure 8. The expression of equation (12) 
is identically equal to the adiabatic prediction. 
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ANALYSIS OF ANGULAR CORRELATION 

Distorted-Wave Born Approximation 

The principal difficulty involved in the distorted-wave Born approximation analysis 
of the angular correlation data (and the elastic and inelastic scattering as well) is the 
ambiguity which exists in the optical model parameters. This has been investigated in 
some detail by Drisko, et al. (ref. 15), and for heavier isotopes by Leonard, Baron, 
and Stewart (ref. 9) and Bingham, Halbert, and Bassel (ref. 16). In the present case, 

TABLE II. - MAGNESIUM 24 OPTICAL POTENTIALS 

Set Nuclear Strength of Strength of Diffuseness Goodness Total Nuclear 
radius real part of imaginary parameter, of f i t ,  reaction defor

constant, optical part of a, X2/N cross  mation 

RO , potential, optical f m  section, param-

MeV W, 
MeV 

(fm)' P2 

1.635 47.05 21.11 0. 5613 31.8 117.9 0.58 
1.49 93.64 31.12 .6190 55.9 123.1 . 56 
1.53 60.42 25.58 .6511 31.5 123.1 . 59 

f m  V, potential, aR, eter, 

1. 38 185.7 42.50 .5753 24.1 117.6 

1.71 38.85 18.21 .5063 

I 
34.9 116.2 1 ii 1

1.595 51.55 22.64 .5972 31.7 119.8 
1.42 124.5 36.28 .6109 26.8 119.8 0.68 
1.34 195.1 46.28 .5966 25. 2 117.8 

as in others, several sets of parameters have been found which yield equivalently good 
fits to the elastic scattering (see table II). Four sets of these parameters will be pre
sented for  a detailed comparison with the experimental data. Comparison with the 
elastic cross section data (ref. 17) is shown in figure 9. F o r  all four potentials, agree
ment is rather good at forward angles (0 < 90') and less  satisfactory at larger angles. 

Calculated inelastic cross  sections are compared with the experimental data 
(ref. 17) in figure 10. These results were obtained by using the first four sets of 
optical model parameters listed in table 11, together with the Direct Reaction Calcula
tion program of Gibbs, et al. (ref. 18). The interaction form factor for  the calculation 
was a derivative Woods-Saxon, peaked at the radius of the optical potential. The agree
ment between theory and inelastic scattering is not particularly good. Although the pre
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Strength of real 

$ Experimental data 

Optical model Strength of real 
calculation part of optical 

potential, V, MeV 

60.42 Optical model 
185.7 calculation 

0 

I ~ I I \ I  I I I I i~~.001
20 40 60 80 100 120 140 60 80 100 

Alpha center-of-mass scattering angle, e,(cm), deg 

(a) First and second sets of optical potentials. 

\ 

20 
3 

40 
I 

(b) Third and fourth sets of optical 

I 

potentials. 

120 140 

Figure 9. -Experimental and theoretical cross sections for elastic scattering of 42-MeV alpha particles from magnesium 24. 

dicted maxima and minima fall in the proper places, the experimental data do not fall 
quite as rapidly as the theoretical curves. Normalization of theoretical to experimental 
data was performed in every case at 8, = 40' and made possible the extraction of a 
deformation parameter p2 for  each optical potential. These are listed in table II and 
are all seen to be similar to  each other and in agreement with the value previously 
reported (ref. 19). 

The results of the a,CY ' y  experiment are shown in figures 6 and 7. In figures 
6(a) and 7(a), the lines results from the first two sets of optical potentials; in figures 
6(b) and 7(b) they result from the third and fourth sets. For scattering angles greater 
than 2 5 O ,  all four of these potentials (as well as the four not explicitly shown) predict 
nearly the same behavior for  the symmetry angle. They are in qualitative agreement 
with the data, predicting small  fluctuations about the adiabatic line with no rapid rota
tions of the gamma pattern. The observed behavior is similar,  but the experimental 
symmetry angle is generally smaller by about 5'. 
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Forward of 25O, only one optical potential predicts the rapid rotation of the gamma 
pattern which is observed by Hendrie (refs. 2 and 3) near 20'. This is set I of table 11, 
which has V = 47.05 MeV.' This potential is very similar to that which Hendrie used. 
All other potentials examined predicted a reversal  of the direction of rotation of the 
gamma pattern at 8 = 20°, in conflict with the experimental results. 

The calculated A/B ratios are shown with the data in figure 7. In spite of the 
large e r r o r s  of the experimental data, the calculated values are in serious disagree
ment forward of 8, = 50'. At larger  angles, however, the average behavior of A/B 
is reproduced, if not the details. 
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Other Models 

It is clear from figure 8 that none of the simpler models is adequate for  predicting 
the behavior of the correlation pattern over the angular range for  which data are avail
able. The adiabatic and plane-wave Born approximations do not predict any of the 
rapid reverse rotations seen at forward angles, while the Wills-Cramer model does not 
predict the damping of the rotation seen at alpha scattering angles larger than 30'. 

DlSCU SSION AND CONCLUSIONS 

It is clear that the data obtained in the present experiment differ qualitatively from 
those which have been obtained in previous experiments (refs. 1 to 3). In the work with 
22.5-MeV alpha particles, a continuous rotation of the gamma pattern was observed for 
alpha scattering angles between 20' and looo. Only at approximately 100' does the 
first reversal  of the direction of rotation occur. The same is true of the forward angle 
data of Hendrie (refs. 2 and 3) displayed in figure 6. At angles forward of 30°, the 
gamma pattern rotates continuously in the same direction. At 35' it is not clear 
whether the pattern continues to rotate o r  reverses.  Beyond 35O, the region examined 
here, it is clear that there is not rapid rotation, but only a slow variation, approxi
mately as predicted in the adiabatic approximation. 

The analysis of the reaction studied here is based primarily on the distorted-wave 
Born approximation theory of inelastic scattering, with the assumption that the 24Mg 
nucleus is described by the macroscopic collective model. The results so obtained 
agree moderately well  with experiment. 

Examination of the elastic scattering (fig. 9) indicates rather clearly that there are 
many sets of optical potentials which yield comparable results when compared with 
experiment. This, however, is not surprising in view of the discussion given in the 
distorted -wave Born approximation section of the analysis. 

The distorted-wave Born approximation predictions for  the inelastic scattering 
(fig. 10) are similar in quality to the elastic fits. All yield a value of the deformation 
parameter which is in reasonable agreement with the accepted value of 0.65; all have 
similar shapes and are not in very good agreement with the experimental data. This is 
similar to the findings of reference 9. 

The results of the angular correlation study a r e  shown in figures 6 and 7. The 
predictions for the A/B ratio are in poor agreement for all the potentials tested. The 
symmetry angle on the other hand is reasonably well predicted by all the potentials. 
All predict a rapid rotation at the forward angles and small oscillations about the 
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adiabatic line at angles beyond 35'. All differ from the data by approximately 5' to  10' 

for  alpha scattering angles larger than about 45'. This would indicate that angular 


correlation studies are not nearly so sensitive as was hoped to  the variation of the opti

cal model parameters. In fact the only real difference which could be observed in the 

predictions of the various optical potentials was that one of them (V = 47.05-MeV) was  

able to  reproduce the rapid rotation observed by Hendrie in the neighborhood of 

8, = 21'. At all other angles, however, the predictions of this potential are equivalent 

to  all the others. 


Two conclusions may be drawn from this study. First, although one of the optical 
potentials (V = 47.05 MeV) was  somewhat better than the others, the overall predictions 
for the behavior of the gamma ray symlrretry ahgle was  not nearly so sensitive to the 
variation of optical model parameters as was hoped. Second, none of the optical poten
tials provided a really good description of the behavior of the correlation pattern. 
Particularly poor agreement was  obtained for the A/B ratios. This indicates that 
either a more detailed reaction calculation (coupled channels) or a more detailed model 
of the nucleus is required. It has been shown (refs. 2 and 3) that a coupled-channels 
calculation can improve the f i t  to the inelastic cross  section, but that it does not seem 
to help the angular correlation results. A more detailed model of the 24Mg nucleus 
would take into account the interaction of the projectile (alpha particle) with each of the 
nucleons in the nucleus. If such a model were successful in distorted-wave Born 
approximation studies, it could be built into the coupled-channels formalism. A calcu
lation of this type would be the most complete possible with the present knowledge of 
nuclear structure and nuclear reactions. 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, April 10, 1968, 
129-02-04-06-22. 
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